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Radial glial progenitors play pivotal roles in the
development and patterning of the spinal cord,
and their fate is controlled by Notch signaling. How
Notch is shaped to regulate their crucial transition
from expansion toward differentiation remains, how-
ever, unknown. miR-132 in the developing zebrafish
dampens Notch signaling via a cascade involving
the transcriptional corepressor Ctbp2 and the
Notch suppressor Sirt1. At early embryonic stages,
high Ctbp2 levels sustain Notch signaling and radial
glial expansion and concomitantly induce miR-132
expression via a double-negative feedback loop
involving Rest inhibition. The changing balance in
miR-132 and Ctbp2 interaction gradually drives the
switch in Notch output and radial glial progenitor
fate as part of the larger developmental program
involved in the transition from embryonic to larval
spinal cord.
INTRODUCTION
Radial glial progenitors play a critical role in the developing
vertebrate central nervous system (CNS). They provide crucial
scaffolding for neurite outgrowth and neuronal migration; they
contribute to synaptic plasticity, they have self-renewal poten-
tial; and they also give rise to oligodendrocyte precursors, which,
at later stages, myelinate axons (Campbell and Go¨tz, 2002; Kim
et al., 2008b). The radial glia and their processes actively
contribute to the patterning of the developing spinal cord and
to the conversion of the primitive lumen into the mature central
canal (Barry et al., 2013; Givogri et al., 2006). This occurs during
the transition from embryonic to fetal life in humans (between
weeks 9 and 12 of intrauterine life) and from embryos to larvae
during the hatching period in zebrafish (48–52 hr postfertilization
[hpf]) (Kondrychyn et al., 2013; Sevc et al., 2009).
Notch signaling plays a key role in radial glial development
(Taylor et al., 2007). Notably, the morphogenesis of the embry-Developonic primitive lumen (up to around 48 hpf) is associated with
increasing Notch signals and raising numbers of radial glial pro-
genitors, whereas the transition to the central canal is paralleled
by a gradual decrease of Notch signaling and a vast decline in
progenitor cells that differentiate or become mitotically quies-
cent by 72 hpf (Hudish et al., 2013; Kim et al., 2008b).
Which epigenetic and posttranscriptional regulatory pro-
cesses control Notch signaling dynamics in these cells remains,
however, poorly understood (Kim et al., 2008a). Time-specific
deletion ofDicer affects oligodendrocyte expansion anddifferen-
tiation and impairs myelination (Kawase-Koga et al., 2009), but
whether specific microRNAs (miRNAs) are involved and how
these miRNAs could regulate Notch remain largely unknown.
We report here that miRNA-132 (miR-132) regulates Notch
signaling in these progenitor cells. miR-132 is involved in den-
dritic and axonal growth and arborization, synaptic plasticity,
and adult neurogenesis (Wanet et al., 2012), and it is signifi-
cantly downregulated in several neurodegenerative and neuro-
developmental disorders (Jimenez-Mateos et al., 2011; Kim
et al., 2010; Lau et al., 2013; Lee et al., 2011); however, its
role in CNS development remains largely unknown. It is inter-
esting that miR-132 is strongly expressed in Gfap+ glial progen-
itors in the developing zebrafish spinal cord. miR-132 loss of
function resulted in dramatic alterations of the spinal cord
morphology, inhibited the transition of radial glial progenitors
to oligodendrocyte precursors, and eventually interfered with
the normal development of the spinal central canal. We demon-
strate that miR-132 is part of a bimodal regulatory network
involving the transcriptional corepressor Ctbp2 and the Notch
suppressor Sirt1.
RESULTS
miR-132 Is Required for Normal Glial Cell Development
and Maturation of the Larval Spinal Cord
Expression of miR-132 is observed throughout the developing
CNS (Figure 1A). The signal initially increases at 48 hpf and
becomes 100-fold upregulated at 72 hpf (Figure 1B). In situ hy-
bridization for miR-132 in larvae shows a pattern typical for radial
glial progenitors (Figure 1A) (Kim et al., 2008b). miR-132 downre-
gulation using a morpholino antisense oligonucleotide against
the mature guide strand (miR-132 MO) persists until at least 72mental Cell 30, 423–436, August 25, 2014 ª2014 Elsevier Inc. 423
Figure 1. miR-132 Downregulation Causes
Glial and Spinal Cord Maturation Deficits
(A) In situ hybridization of miR-132 at 48 hpf.
Expression of miR-132 in the spinal cord (whole
mount) and in the radial glial cells (cross-section).
Arrowhead indicates region of cross-sectioning.
Scalebars,1mm(lateral view);4mm(cross-section).
(B) Semiquantitative real-time PCR analysis of
miR-132 expression in wild-type embryos and
larvae at 10, 24, 48, and 72 hpf. Values were
normalized to the U6 small nuclear RNA.
(C) miR-132 knockdown using an antisense mor-
pholino. Top: Bright-field images of UIC, larvae
injected with a 5b-MM or a morpholino against
miR-132 (miR-132 MO) at 72 hpf, and schematic
illustration of a zebrafish larva indicating the trunk
region between S10 and S15 used to score the
phenotypes. Scale bar, 1 mm. Middle: Lateral
views of the trunk. The Gfap+ glial processes are
immunostained with zrf-1. White arrowhead in-
dicates intraprocess ectopic branches. Red
arrowhead indicates ectopic branch connecting
two neighboring processes. Schematic illustration
depicts a sagittal view of the perineural glial pro-
cesses. Scale bar, 50 mm. Bottom: Cross-sections
of the trunk immunostained with zrf-1. Arrow in-
dicates the spinal cord. Arrowheads indicate
ectopic branches. Schematic illustration depicts a
transverse section showing the normal arboriza-
tion pattern of glial processes. Scale bar, 10 mm.
(D) Transverse sections of the spinal cord of
Tg(gfap:GFP) embryos after BrdU incorporation at
48 hpf, quantified in (G) and (H). Scale bar, 4 mm.
(E) Quantification of the Gfap+ glial arborization
defects in miR-132 morphants. Sample sizes: n =
172 for UIC; n = 132 for 5b-MM; and n = 195 for
miR-132 MO.
(F) Lateral view of the spinal cord of miR-132
morphant and control Tg(olig2:GFP) embryos at
48 hpf, quantified in (I). Scale bar, 10 mm.
(G and H) Quantification of proliferating glial pro-
genitors and of total number of progenitors.
Values were expressed as percentage of BrdU-
positive (BrdU+) cells to total number of Gfap+
cells within the spinal cord (G) or as total number
of Gfap+ cells (H).
(I) Quantification of the total number of oligoden-
drocyte lineage precursor cells at 48 hpf.
(J) Spinal cord cross-sections of miR-132 mor-
phants (miR-132 MO) and controls immuno-
stained with zrf-1 depicting the primitive lumen
(dashed rectangle, PL) at 24 hpf or the central
canal (arrowheads, CC) at 72 hpf. Scale
bars, 4 mm.
(K and L) Quantification of the diameter of the
primitive lumen (K) or the central canal (L) in miR-
132 morphants and controls.
In (G) through (I), (K), and (L) each dot of the
scatterplot represents the normalized average
from four serial optical sections (z stacks) of one
spinal cord cross-section per embryo. Values are
presented as mean ± SEM. *p < 0.05; **p < 0.01;
***p < 0.001; ns, nonsignificant.
See also Figures S1 and S2.
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display, at first glance, no gross morphological defects
compared to uninjected controls (UIC) or embryos injected
with a five base-mismatch control morpholino (5b-MM) (Fig-
ure 1C, top). However, miR-132 morphants exhibit impaired
escape response to tactile stimulation on the trunk (Figure S1K).
Immunostaining for pan-neuronal markers (anti-beta tubulin 1,
Znp-1 [Zebrafish International Research Center; ZIRC] and
Zna-1 [ZIRC]) does not depict any gross morphological abnor-
malities of neurons in brain and spinal cord, whereas anti-Gfap
immunostaining reveals aberrant arborization of glial processes
(Trevarrow et al., 1990) (Figure 1C,middle and bottompanel; Fig-
ure 1E). These Gfap+ fibers are part of the perineurium, which
originates from spinal cord radial glia. Its development is Notch
dependent and plays an important role in the support and pro-
tection of motor neuron axons (Barresi et al., 2010; Kim et al.,
2008a). We refer to them as ‘‘perineural glial processes.’’ These
perineural glial processes normally follow the somite segmenta-
tion pattern and project outside the spinal cord into the spinal
myotome (Figure 1C, schematics). In the miR-132 morphants,
branches develop ectopically and form connections across
neighboring segments. A second morpholino directed against
the precursor miR-132 (pre-miR-132) confirmed specificity (Fig-
ures S1B and S1C), while overexpressing miR-132 in the miR-
132 morphants rescues the phenotype (Figure S1D).
Similar arborization phenotypes were observed in a mutagen-
esis screen affecting glial progenitors (Barresi et al., 2010). We
therefore used transgenic markers to label radial glial cells
[Tg(gfap:GFP)mi2001; Kim et al., 2008b] and (ventrally) located
oligodendrocyte precursors [Tg(olig2:EGFP)vu12; Park et al.,
2007; Shin et al., 2003]. The Olig2+ precursors partially derive
from Gfap+ progenitors at early larval stages (Kim et al., 2008b)
and give rise to neurons and oligodendrocytes (Barresi et al.,
2010; Park et al., 2002; Petit et al., 2011; Zannino and Appel,
2009). Gfap immunostaining confirms that glial fibers from both
theGfap:green fluorescent protein (GFP)- and the Olig2:GFP-ex-
pressing populations (which display overlapping arborization
profiles at this stage) are affected in miR-132 morphants (Fig-
ure S2). As Gfap:GFP+ cells at postembryonic stages encom-
pass bona fide radial glia but also some of their progeny, such
as perineural glia, the Gfap:GFP+ cells are collectively referred
here to as Gfap+ cells.
It is interesting that the number of Gfap+ cells is elevated
(Figures 1D and 1H), while the number of Olig2+ cells is de-
creased (Figures 1F and 1I) in themiR-132morphants. To assess
their proliferation potential, we measured bromodeoxyuridine
(BrdU) incorporation in the Gfap+ progenitor cells (Figures 1D
and 1G). The percentage of BrdU+ cells to total number of
Gfap+ cells is not altered in the miR-132 morphants, indicating
that their proliferative capacity is maintained. Opposite pheno-
types—namely increased Olig2+ population at the expense of
the Gfap+ pool—are seen when overexpressing miR-132 using
a synthetic oligonucleotide (Figures S1E and S1F). We assessed
the effect of miR-132 knockdown on the Olig2+ cell progeny. We
found that the proliferative capacity of the Sox10+ oligodendro-
cyte precursors (Kim et al., 2008a) is compromised (Figure S3A),
while the Isl1+-primary motor neurons (Zannino and Appel, 2009)
retain high levels of Gfap positivity (Figure S3B), indicating de-
layed or impaired motor neuron differentiation. Together, theseDevelopobservations show that miR-132 promotes the Olig2+ progeny
differentiation and proliferation over the Gfap+ glial progenitor
maintenance and expansion.
The gradual differentiation of the radial glial cells and the
proper development of their arbors are involved in the transfor-
mation of the primitive spinal lumen into the mature central canal
(Sevc et al., 2009). It is interesting that, while miR-132 deficiency
does not cause any defects in the early lumen at 24 hpf (Figures
1J and 1K), miR-132 morphant spinal cords fail to complete
the transition into the confined central canal at 72 hpf (Figures
1J and 1L).
We further investigated other possible downstream effects of
the alterations in the cellular pool of progenitors. Olig2+ precur-
sors will further mature to myelinate axonal projections (Barresi
et al., 2010). Myelin basic protein (Mbp) staining was decreased
at 120 hpf (Figures S1G and S1I) (Buckley et al., 2010; Pogoda
et al., 2006). Gfap+ glia also act as a scaffold for the neuritic
pathfinding of motor neurons (Barresi et al., 2010). Immunostain-
ing against acetylated tubulin (AcTub) confirms that most of the
ectopic Gfap+ glial projections are accompanied by newly
formed misrouted AcTub+ neurites (Figures S1H and S1J). In
conclusion, the miR-132 loss-of-function phenotype is charac-
terized by a perturbed balance of Gfap+ and Olig2+ glial cells
and aberrant perineural glial process formation. This correlates
with impaired differentiation of the Olig2+ progeny, disorganized
neurite outgrowth, delayed myelination, and abnormal spinal
central canal formation.
Notch Signaling Mediates the miR-132 Effects
Activation of Notch signaling is associated with delayed neuro-
genesis, increased gliogenesis, impairedmaturation of oligoden-
drocytes, and myelination (Taylor et al., 2007; Wang et al., 1998).
To monitor Notch signaling in miR-132 morphants, we assessed
the expression of her4, a gene encoding a basic helix-loop-helix
Enhancer-of-split transcription factor (Takke et al., 1999; Yeo
et al., 2007). It is important to note that, although her4 is not
a predicted miR-132 target, downregulation of miR-132 leads
to its upregulation (Figure 2A), while overexpressing miR-132
represses its expression (Figure 2B). To rule out that the
observed effects on her4 might simply reflect changes in pro-
genitor cell numbers rather than variations in cellular her4 tran-
scription, we used fluorescence-activated cell sorting (FACS)
to sort GFP+ glial cells from Tg(gfap:GFP) miR-132 morphant
embryos. Elevated her4 levels per cell were confirmed in these
samples (Figure 2C).
We confirmed the role of Notch signaling in the miR-132
morphant phenotype using the well characterized g-secretase
inhibitor N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylgly-
cine t-butyl ester (DAPT) (Geling et al., 2002) to inhibit Notch
from 24 hpf on, thus covering the period when the Notch
pathway has been shown to actively instruct the radial glial
cell fate and arborization (Kim et al., 2008b). DAPT represses
her4 transcription in the zebrafish spinal cord (Kim et al.,
2008b). In a titration assay (Figure S3C), we found that a concen-
tration of 5 mg/ml indeed reverses her4 upregulation in miR-132
morphants (Figure 2D) and normalizes Gfap+ and Olig2+ cell
numbers back to control levels (Figures 2E and 2F). Notably,
the same concentration of DAPT in wild-type embryos leads to
an inverse shift in her4 expression levels and the glial progenitormental Cell 30, 423–436, August 25, 2014 ª2014 Elsevier Inc. 425
Figure 2. miR-132 Regulates Glial Progenitors through Notch
(A and B) Semiquantitative real-time PCR analysis showing her4 expression in miR-132 morphant embryos (miR-132 MO) compared to embryos injected with
control morpholino (5b-MM) (A) or in embryos injected with a miR-132 mimic (miR-132) compared to embryos injected with a control oligonucleotide (Ctr), at 10
hpf (B).
(C) Semiquantitative real-time PCR analysis showing upregulation of her4 expression in gfap:GFP+ FACS-sorted cells isolated from Tg(gfap:GFP) miR-132
morphants compared to control larvae, at 24 hpf.
(D) her4 expression in miR-132 morphant and control larvae at 48 hpf following 24 hr incubation in DAPT or vehicle control (DMSO).
(legend continued on next page)
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both directions for proper glial cell development. Finally, DAPT
incubation partially rescues the glial arborization phenotype in
the miR-132 morphants (Figure 2G). Together, these series of
data demonstrate a critical role for miR-132 in fine tuning of
the Notch signal in this context.
We used a candidate gene approach to identify miR-132 tar-
gets. Using computational algorithms (see Experimental Proce-
dures), we identified five putative miR-132 targets in the Notch
pathway that were conserved across Danio rerio, Homo sapiens,
and/or Mus musculus: C-terminal binding protein (ctbp2)
(NM_131715.1); F box andWD-40 domain protein 11b (fbxw11b)
(NM_213504.2); lysine (K)-specific demethylase 5Ba (kdm5ba or
lsd1) (NM_001128327.1); silent mating type information regula-
tion 2 homolog 1 (sirt1) (XM_001334404.4); and Bcl6 corepressor
(bcor) (NM_205626.1). To assess the functional relevance of
these candidates, we cloned their 30 untranslated region (UTR)
downstream of the renilla luciferase gene and cotransfected
human embryonic kidney 293 (HEK293) cells along with a miR-
132 mimic oligonucleotide. The most significant reduction of
luminescence is observed for the 30 UTR of ctbp2, while more
modest downregulation is observed for fbxw11b and lsd1 (Fig-
ure 2H).We then askedwhich of these five candidate genes could
be involved in themiR-132morphant glial arborization phenotype
in vivo (Figure 2I). Notably, only knocking downCtbp2 can rescue
the branching defects in the miR-132 morphants.
miR-132 Directly Targets the Transcriptional
Corepressor Ctbp2
Wenext performed loss-of-function, epistasis, and gain-of-func-
tion experiments to demonstrate that the transcriptional core-
pressor Ctbp2 is necessary and sufficient for mediating the
miR-132 effects on the radial glial cell population.
Lowering Ctbp2 levels in wild-type fish using a morpholino
against Ctbp2 is sufficient to downregulate her4 expression (Fig-
ure 3A) and shifts the glial progenitor population toward theOlig2+
lineage (Figures 3B and 3C), opposite to the effects observed on
miR-132 downregulation. Conversely, a similar Ctbp2 loss of
function in miR-132 morphants causes normalization of her4
levels (Figure 3A) and restores the Gfap+/Olig2+ balance (Figures
3B and 3C). The knockdown efficiency of Ctbp2 is approximately
50%, as confirmed by western blot (Figure S4A). This epistasis
experiment demonstrates the critical role of Ctbp2 and miR-132
in the regulation of the Notch signal in the Gfap+/Olig2+ cells.
To confirm that upregulation of Ctbp2 in the Gfap+ glial pro-
genitors is indeed sufficient to explain the glial arborization(E and F) Effect of DAPT incubation of miR-132morphant and control larvae on the
(E) or Tg(olig2:GFP) (F) larvae at 48 hpf. Each dot of the scatterplot represents the n
cross-section per embryo.
(G) Quantification of the glial arborization phenotype at 72 hpf in UIC, miR-132
(DMSO). Sample sizes: n = 114 for UIC-DAPT; n = 97 for UIC-DMSO; n = 81 for mi
n = 67 for 5b-MM-DMSO.
(H) Luciferase assay of candidate target 30 UTRs. Cells were cotransfected wit
normalized against firefly luciferase expression and expressed as percentage co
(I) Effect of codownregulating miR-132 and the candidate targets on the glial ar
group. Sample sizes: n = 58 for UIC; n = 50 for miR-132 MO; n = 91 for miR-132
n = 96 for miR-132 MO/LSD1 MO; n = 92 for miR-132 MO/SIRT1 MO; and n = 9
In (A) through (D), values were normalized to the geometric mean of ef1a, b2m,
presented as mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ns, nonsignificant
Developphenotype, we injected embryos with a construct containing
the ctbp2 gene under the regulatory promoter elements of
gfap, thus driving Ctbp2 expression primarily in the radial glial
cellular population (Figure 3D). The specificity of the gfap pro-
moter construct was tested using mCherry. It is interesting that
overexpression of Ctbp2 in the radial glial progenitors alone
mimics the glial arborization abnormalities observed on miR-
132 knockdown (Figure 3F). We then confirmed that lowering
Ctbp2 expression in the miR-132 morphants rescues the miR-
132 arborization phenotype (Figure 2I) using a second morpho-
lino (Figures 3E and 3G). This rules out off-target effects as the
two morpholinos inhibit the expression of Ctbp2 via different
mechanisms, i.e., through blocking the translational initiation or
through hindering messenger RNA (mRNA) splicing. We finally
confirmed that Ctbp2 protein levels are significantly increased
in the miR-132 morphants (Figure 3H), further establishing the
functional link between miR-132 and Ctbp2 in vivo.
While our experiments strongly suggest that Ctbp2 is the main
target of miR-132 in the described phenotypes, it is still possible
that other miR-132 targets may contribute to the effects. We
therefore used target protector morpholinos (Staton and Giral-
dez, 2011) against two putative miR-132 miRNA response ele-
ments (MREs) in the ctbp2 30 UTR (Figure 4A). A third morpholino
targeting a truncated binding site was used as a negative control.
Blocking the miR-132 MREs on the ctbp2 30 UTR with each one
of the first two target protectors is indeed sufficient to increase
her4 levels (Figure 4B) and to induce the shift of the glial pro-
genitor pool toward the Gfap+ cell lineage (Figures 4C and 4D).
Moreover, the injected larvae display glial arborization defects
that are similar to the miR-132 morphants (Figures 4E and 4F).
Codownregulation of Ctbp2 largely rescues the arborization
phenotype (Figures 4E and 4F), indicating that the target protec-
tors specifically block the interaction between miR-132 and
ctbp2 transcript.
This series of data unequivocally demonstrates that the
endogenously expressed Ctbp2 represents the direct and major
in vivo target of endogenous miR-132 in the context of the radial
glial progenitors at this developmental stage and that abrogation
of this interaction is sufficient to explain the effects of miR-132
loss of function on glial development.
The Histone Deacetylase Sirt1 Acts Downstream
of Ctbp2
It remains unclear how Ctbp2, which is a transcriptional core-
pressor, can positively affect Notch. The histone deacetylase
Sirt1 is known to suppress Notch signaling and is repressed bytotal number of Gfap+ (E) and Olig2+ (F) cells in the spinal cord of Tg(gfap:GFP)
ormalized average from four serial optical sections (z stacks) of one spinal cord
MO, and 5b-MM larvae following 48 hr incubation in DAPT or vehicle control
R-132 MO-DAPT; n = 72 for miR-132 MO-DMSO; n = 71 for 5b-MM-DAPT; and
h a miR-132 mimic (miR-132) or a control oligonucleotide (Ctr). Values were
mpared to the control.
borization phenotype at 72 hpf. Values were compared to miR-132 morphant
MO/CTBP2 MO (translation blocking MO); n = 88 for miR-132 MO/FBXW MO;
6 for miR-132 MO/BCL6 MO.
and actin and expressed as fold change compared to the control. Values are
. See also Figure S3.
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Figure 3. The miR-132 Morphant Phenotype Is Mediated through the Transcriptional Corepressor Ctbp2
(A) Semiquantitative real-time PCR analysis showing the effect of Ctbp2 downregulation on her4 levels (CTBP2 MO, splice blocking morpholino) in miR-132
morphant and control embryos at 24 hpf. Values were normalized to the geometric mean of ef1a, b2m, and actin and expressed as fold change compared to the
control.
(legend continued on next page)
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2007). We therefore hypothesized that Sirt1 might be one of
the downstream targets of Ctbp2 in this pathway (Figure 5A).
Indeed, Sirt1 deficiency causes upregulation of her4 (Figure 5B),
a shift toward the Gfap+ progenitor state (Figures 5C and 5D),
and glial arborization abnormalities (Figures 5E and 5F). The
efficiency of the Sirt1 knockdown was about 60% (Figure S4B).
The specificity of the morpholino effect was demonstrated by
rescuing the Sirt1 morphant phenotype via glia-specific overex-
pression of Sirt1 (injecting embryos with a construct expressing
Sirt1 under the regulatory elements of gfap) (Figure S4C). More
important, epistasis experiments show that Sirt1 is involved in
the miR-132 morphant phenotype: radial glia-specific overex-
pression of Sirt1 rescues the miR-132 loss-of-function arboriza-
tion phenotype (Figures 5G and 5H). Biochemical analysis further
corroborates that miR-132 knockdown results in a decrease of
sirt1 transcript levels (Figure 5I).We then assessed the regulatory
effect of Ctbp2 over Sirt1. The levels of sirt1 are elevated in the
Gfap:GFP+ fraction of the Ctbp2 morphants (Figure 5J), while
Sirt1 knockdown in Ctbp2 morphants significantly rescues the
glial arborization phenotype (Figure 5K). Notably, and confirming
the link to the Notch pathway, treatment with 5 mg/ml DAPT res-
cues the Sirt1 morphant phenotype (Figure 5L).
Ctbp2 Induces Its Own Suppressor
miR-132 levels are not very high in the early embryonic stages
but become dramatically upregulated from 48 hpf on (Figure 1B).
While themRNA of Ctbp2 exhibits a similar profile, Ctbp2 protein
is strongly downregulated after 48 hpf (Figures 6A and 6B). miR-
132 plays a crucial role in this downregulation as demonstrated
earlier. However, the coherent coexpression pattern of Ctbp2
and miR-132 until 48 hpf raised the question of whether Ctbp2
itself could build up miR-132 expression during embryonic
stages (Peng et al., 2012).
In such a scenario, shifting Ctbp2 upregulation to earlier em-
bryonic stages should correspondingly shift miR-132 induction.
Indeed, radial glia-specific overexpression of Ctbp2 increases
miR-132 levels already at 24 hpf (Figure 6C). Moreover, Ctbp2
knockdown led to miR-132 downregulation at 48 hpf (Figure 6C).
Thus, Ctbp2 appears able to regulate its own suppressor within
the time window ranging from early embryonic (24 hpf) to late
embryonic/early larval (48 hpf) life. Since Ctbp2 is a transcrip-
tional repressor, the effect should be mediated by an additional
suppressor. Rest is a miR-132 repressor and a reported tran-(B and C) Effect of Ctbp2 downregulation using a splice blocking morpholino on th
and control Tg(gfap:GFP) (B) or Tg(olig2:GFP) (C) embryos at 48 hpf. Each dot
sections (z stacks) of one spinal cord cross-section per embryo.
(D) Transverse trunk sections of Tg(gfap:GFP) larvae either UIC, overexpressing gf
gfap promoter) in a mixture with gfap:mCherry at 72 hpf. Quantified in (F). Scale
(E) Zrf-1 immunostaining of whole mounts at 72 hpf, lateral views of trunk. StdCtr M
against Ctbp2; CTBP2 MO2, splice blocking morpholino against Ctbp2. Quantifi
processes.
(F) Quantification of glial arborization phenotype at 72 hpf in gfap:Ctbp2-overexp
n = 75 for gfap:Ctbp2; n = 71 for gfap:mCherry.
(G) Quantification of glial arborization phenotype inmiR132/Ctbp2 double morpha
CTBP2 MO1; n = 86 for miR-132 MO-CTBP2MO1; n = 118 for CTBP2MO2; n = 1
MO1; n = 61 for 5b-MM/CTBP2 MO2; n = 120 for StdCtr; and n = 103 for miR-1
(H) Western blot analysis of Ctbp2 protein levels in miR-132 morphants compare
Values are presented as mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ns, no
Developscriptional target of Ctbp2 (Conaco et al., 2006; Johnson and
Buckley, 2009; Liang et al., 2011; Wu and Xie, 2006). Rest
expression is high early in embryogenesis and gradually de-
clines until 72 hpf (Figure S5A). Downregulating Rest led to a
significant upregulation of miR-132 at 48 hpf (Figure 6D). This
upregulation is sufficient to prematurely downregulate ctbp2
already at this time point (Figure 6D). The double negative feed-
back loop between Ctbp2, Rest, and miR-132 was finally
corroborated with an epistasis experiment, in which the effect
of Ctbp2 downregulation on miR-132 expression was rescued
in Rest morphants (Figure 6E). We also confirm that changes
in Rest expression affected the her4 increase (Figure 6F) and
the Gfap+ glial number elevation (Figure 6G) from 24 hpf to 48
hpf, in agreement with a derepression of miR-132 and an out-
of-phase downregulation of Ctbp2. Thus, in the absence of
Rest, the transition to the late larval state is accelerated. Of
note, sirt1 endogenous expression profile is inversely correlated
to the one of Ctbp2, in agreement with the physiological signif-
icance of the described regulatory circuitry (Figure S5B). We
further verified the expression of ctbp2 and sirt1 in the Gfap+
glial progenitors, confirming that, along with miR-132, the other
components of the described signaling pathway are also ex-
pressed in these cells (Figure S6).
Our data imply that Ctbp2 interacts with miR-132 in different
modes in embryonic and larval stages: in the embryo, with high
Ctbp2 and low miR-132 levels, Ctbp2 predominantly induces
miR-132; in the larva, miR-132, at high levels, buffers Ctpb2
expression. In this case, the decreased expression of miR-132
observed in Ctbp2 morphants should reflect an early effect of
Ctbp2 over miR-132. To confirm this, we used a photomorpho-
lino (Tallafuss et al., 2012) against Ctbp2 (Figure 6H) to specif-
ically downregulate Ctbp2 at 34 hpf or 56 hpf. Notably, exposure
to UV light did not induce any changes on Ctbp2 and miR-132
levels in UIC controls (Figure S5C), while the photomorpholino
did not affect Ctbp2 protein levels in the injected but non-
UV-illuminated group (Figure S5D). Although UV treatment of
photomorpholino-injected embryos at 34 hpf and larvae at 56
hpf resulted in a similar Ctbp2 downregulation (Figure 6I), miR-
132 was downregulated on UV illumination at 34 hpf but not at
56 hpf (Figure 6I).
Taken together, our data support a developmentally controlled
bimodal regulatory circuit between miR-132 and Ctbp2, which
shapes the Notch signal output and the glial progenitor density
in the developing spinal cord (Figure 7).e total number of Gfap+ (B) and Olig2+ (C) in the spinal cord of Ctbp2 morphant
of the scatterplot represents the normalized average from four serial optical
ap:mCherry (mCherry under the gfap promoter), or gfap:ctbp2 (ctbp2 under the
bar, 10 mm. Arrowheads indicate aberrant arborization of glial processes.
O, standard control morpholino; CTBP2MO1, translation blockingmorpholino
ed in (G). Scale bar, 50 mm. Arrowheads indicate aberrant arborization of glial
ressing larvae and control larvae overexpressing gfap:mCherry. Sample size,
nts at 72 hpf. Sample sizes: n = 162 for UIC; n = 186 for miR-132MO; n = 128 for
00 for miR-132 MO/CTBP2 MO2; n = 125 for 5b-MM; n = 70 for 5b-MM/CTBP2
32 MO/StdCtr.
d to control groups at 72 hpf. Protein levels were normalized against Gapdh.
nsignificant. See also Figure S4.
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Figure 4. miR-132 Regulates Ctbp2 Levels by Directly Binding to Its 30 UTR
(A) Schematic illustration of themiR-132MREs in the 30 UTR ofCtbp2 in zebrafish (Danio rerio) and human (Homo sapiens) showing the three sites selected for the
targeting by target protector morpholinos (TPs).
(B) Semiquantitative PCR analysis of the effect of the TPs on her4 expression at 72 hpf. Values were normalized to the geometric mean of ef1a, b2m, and actin and
expressed as fold change compared to the control.
(C andD) Effect of the TPs on the total number of Gfap+ (C) andOlig2+ (D) in the spinal cord ofmorphant and control Tg(gfap:GFP) (C) or Tg(olig2:GFP) (D) embryos
at 48 hpf. Each dot of the scatterplot represents the normalized average from four serial optical sections (z stacks) of one spinal cord cross-section per embryo.
Values were compared to the control-injected group.
(E) Zrf-1 immunostaining of whole mounts at 72 hpf, lateral views of trunk. Arrowheads indicate ectopic branches of Gfap+ glial processes. TP, target protector
morphants; TP/CTBP2MO, target protector morphants coinjected with a translation blocking morpholino against Ctbp2; TP/Std Ctr, target protector morphants
coinjected with a standard control morpholino. Scale bar, 50 mm.
(F) Quantification of glial arborization phenotype at 72 hpf. Sample sizes: n = 132 for TP1; n = 90 for TP1/CTBP2 MO; n = 104 for TP1/Std Ctr; n = 142 for TP2;
n = 116 for TP2/CTBP2 MO; n = 107 for TP2/Std Ctr; n = 128 for TP3; n = 80 for TP3/CTBP2 MO; and n = 72 for TP3/Std Ctr.
Values are presented as mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ns, nonsignificant.
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Figure 5. The Histone Deacetylase Sirt1 Is
Regulated by miR-132 and Ctbp2
(A) Model of Sirt1 involvement in the miR-132/
Ctbp2/Notch regulatory pathway.
(B) Semiquantitative PCR analysis of her4
expression levels in Sirt1 morphants (SIRT1 MO)
and control embryos (Std Ctr) at 24 hpf. Values
were normalized as described earlier.
(C and D) Effect of Sirt1 downregulation (SIRT1
MO) on the total number of Gfap+ (C) and Olig2+
(D) in the spinal cord of Sirt1 morphant and control
Tg(gfap:GFP) (C) or Tg(olig2:GFP) (D) embryos at
48 hpf. Each dot of the scatterplot represents
normalized averages as described earlier.
(E) Whole-mount immunostaining with zrf-1 at 72
hpf, lateral views of trunk. SIRT1 MO, Sirt1 mor-
phants; StdCtr MO, larvae injected with standard
control morpholino. Scale bar, 50 mm.
(F) Quantification of glial arborization phenotype
in Sirt1 morphants at 72 hpf. Sample size,
n = 75 for UIC; n = 90 for SIRT1 MO; n = 95 for
StdCtr MO.
(G) Lateral trunk views of 72 hpf – larvae in-
jected with miR-132 morpholino (miR-132 MO),
gfap:mCherry (mCherry under the gfap promoter),
gfap:sirt1 (sirt1 under the gfap promoter) or
coinjected with miR132 morpholino and gfap:m-
CHERRY or miR-132 morpholino and gfap:sirt1.
Scale bar, 50 mm. In (E) and (G), arrowheads indi-
cate ectopic Gfap+ glial processes.
(H) Quantification of the partial rescue of the glial
arborization phenotype in the miR-132 morphants
overexpressing Sirt1 under the gfap promoter at
72 hpf. Sample sizes: n = 52 for miR-132 MO; n =
61 for gfap:mCherry; n = 57 for miR-132 MO/
gfap:mCherry; n = 63 for gfap:sirt1; n = 72 for miR-
132 MO/gfap:sirt1; n = 70 for 5b-MM; and n = 58
for 5b-MM/gfap:sirt1.
(I and J) Semiquantitative real-time PCR analysis
showing expression of sirt1 in miR-132 morphant
(miR-132 MO) and control embryos (5b-MM) at 24
hpf (I) or in gfap:GFP+ FACS-sorted cells isolated
from Tg(gfap:GFP) Ctbp2morphants compared to
control larvae, at 72 hpf (J). Values were normal-
ized as described earlier.
(K) Quantification of glial arborization phenotype in
Ctbp2/Sirt1 double morphants. Sample sizes: n =
78 for CTBP2 MO (translation blocking morpho-
lino); n = 95 for CTBP2 MO/SIRT1 MO; and n = 87
for SIRT1 MO.
(L) Quantification of the glial arborization pheno-
type at 72 hpf in UIC, Sirt1 morphants (SIRT1 MO),
and larvae injected with a standard control mor-
pholino (StdCtr) following 48 hr incubation in DAPT
or vehicle control (DMSO). Sample sizes: n = 87 for
UIC-DAPT; n = 74 for UIC-DMSO; n = 66 for SIRT1
MO-DAPT; n = 69 for SIRT1 MO-DMSO; n = 54 for
StdCtr-DAPT; and n = 66 for StdCtr-DMSO.
Values are presented as mean ± SEM. *p < 0.05;
***p < 0.001; ns, nonsignificant.
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We identify a temporally controlled bidirectional regulatory cir-
cuit between miR-132 and its target Ctbp2, which ultimately
shapes the dynamics of Notch signaling and its output in the glialDevelopprogenitors. During early embryonic development, Ctbp2 is
gradually increasing, thereby inducing Notch signaling via Sirt1
transcriptional repression. This leads to progressive expansion
of the Gfap+ glial progenitor pool from 24 to 48 hpf. Ctbp2 also
induces miR-132 expression through a double negativemental Cell 30, 423–436, August 25, 2014 ª2014 Elsevier Inc. 431
Figure 6. Feedback Regulation of miR-132 by Ctbp2 Is Controlled in a Time-Specific Manner
(A) Western blot analysis of Ctbp2 protein levels in wild-type embryos and larvae at 24, 48, and 72 hpf. Protein levels were normalized against Actin.
(B) Semiquantitative real-time PCR analysis of ctbp2 expression in wild-type embryos and larvae at 10, 24, 48, and 72 hpf.
(C) miR-132 expression upon overexpression of Ctbp2 in radial glial progenitor cells (ctbp2 under the gfap promoter) at 24 hpf and following downregulation of
Ctbp2 with a splice blocking morpholino (CTBP2 MO) at 48 hpf. Values were normalized to the control gfap:mCherry-injected group (mCherry under the gfap
promoter) or to the control-injected group (StdCtr MO), respectively.
(D) Semiquantitative real-time PCR analysis of miR-132 and ctbp2 transcripts on downregulation of Rest at 48 hpf using a translation blocking morpholino
(REST ATG MO).
(E) Semiquantitative real-time PCR analysis of miR-132 levels in Ctbp2 (splice blocking morpholino)-Rest double morphants (CTBP2 MO/REST MO) at 48 hpf.
Values were normalized to the control-injected group (StdCtr).
(F) Semiquantitative PCR analysis of her4 expression levels in Rest morphants (RESTMO) and controls (StdCtr MO) during the transition from 24 to 48 hpf. Values
were normalized to her4 levels at 24 hpf.
(G) Quantification of the number of Gfap+ cells in the spinal cord of Rest morphants and controls during the transition from 24 to 48 hpf. Values were normalized to
the number of the cells at 24 hpf.
(H) Schematic illustration of the photomorpholino mechanism used for the time-specific downregulation of Ctbp2.
(legend continued on next page)
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Figure 7. The Transition of the Spinal Radial Glial Progenitors from
the Embryo-Specific Expansion to the Larva-Specific Commitment
Phase Is Controlled by a Bidirectional Switch between miR-132
and Ctbp2
Schematic illustration of the proposed model. Curves are based on experi-
mental expression data (Figures 1B and 6A).
See also Figures S5 and S6.
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itor pool and Notch signaling in these cells reach their develop-
mental maximum. Significant molecular changes, however,
take place in the Gfap+ glial progenitors at this point: Ctbp2 rises
significantly, and miR-132 expression becomes considerably
higher and reaches a critical threshold to suppress Ctbp2
expression. This coincides with a drop in Rest levels (Gates
et al., 2010). Together, these events might explain, at least
partially, the interruption of the positive feedback regulation be-
tween Ctbp2 and miR-132 (Figure 7). The negative feed-forward
regulation of miR-132 over Ctbp2 takes over, and the strongly
increased miR-132 levels efficiently silence Ctbp2, eventually
leading to the dampening of the Notch signaling and restriction
of theGfap+ glial progenitors. In essence, the described pathway
underlies a bimodal (increasing, then decreasing) Notch
signaling switch in the Gfap+ glial progenitor population (Fig-(I) Effect on Ctbp2 and miR-132 expression on UV illumination of the photomorp
Values were compared to the non-UV-treated group.
In (B), (D), and (F), values were normalized to the geometric mean of ef1a, b2m, an
small nuclear RNA expression (for miR-132) and expressed as fold change comp
**p < 0.01; ***p < 0.001; ns, nonsignificant. See also Figure S5.
Developure 7). Notch bimodal signals are required for the unambiguous
specification of progenitor/progeny pools (Bu et al., 2013; Cha-
pouton et al., 2010). In the spinal cord, as shown here, this switch
underlies another key cell fate choice: the dynamic transition of
the radial glial progenitors toward a more restricted cell fate. It
also coincides with the conversion of the primitive lumen into
the mature central canal of the spinal cord (Kim et al., 2008b;
Sevc et al., 2009). Postmitotic radial glial progenitors participate
in these morphogenetic events as they lose their contacts with
the ventricular zone, thus allowing the primitive lumen to descent
ventrally and diminish in size to form the more confined central
canal (Kondrychyn et al., 2013; Sevc et al., 2009). Thus, the
miR-132-regulated signaling cascade ultimately contributes to
this important developmental event (Hudish et al., 2013).
Up- or downregulation of key components of the circuit, i.e.,
Ctbp2, Sirt1, and Notch signaling itself, mimic the miR-132
loss- and gain-of-function phenotypes in the glial progenitors.
her4 expression and the balance of the Gfap+/Olig2+ cell popu-
lations corroborated the in vivo relevance of the molecular
links between miR-132 and Notch signaling. Morpholino injec-
tions can lead to p53-related ‘‘off-target’’ phenotypes. However,
nonspecific effects would not be able to explain with such con-
sistency the bidirectional changes we observed regarding the
key phenotypes we describe here (shifts in cell fate, glial arbori-
zation, her4 expression). The use ofmultiplemorpholinos against
a single target, the rescues, and the target protector experiments
confirm the specificity of our observations.
miRNAs are generally believed to simultaneously regulatemul-
tiple targets (Conaco et al., 2006). Apart from Ctbp2, other
possible miR-132 targets are p250GAP (Vo et al., 2005; Wayman
et al., 2008), MeCP2 (Klein et al., 2007), FOXP2 (Clovis et al.,
2012), PTEN, FOXO3 (Wong et al., 2013), FOXO1A (Lau et al.,
2013), and AchE (Shaked et al., 2009). Our data, however, pro-
vide convincing evidence that Ctbp2 is a core actor in the miR-
132-dependent cascade regulating Notch-mediated signaling
in the radial glial cells. The most direct proof comes from the
target protection experiments, where blocking the miR-132
binding sites in the 30 UTR of ctbp2 completely mimics the phe-
notypes observed on both Ctbp2 gain of function and miR-132
loss of function.
Ctbp2 is a highly conserved transcriptional regulator (the
zebrafish Ctbp2 protein shares more than 90% amino acid iden-
tity with its mammalian orthologs) (Van Hateren et al., 2006).
Ctbp2mainly acts as transcriptional corepressor through recruit-
ment of histone deacetylases (Chinnadurai, 2002). It is interesting
that CTBP2 is highly expressed in proliferating neural progenitors
lining the lumen of the spinal cord during avian and mammalian
development, while CTBP2 knockout mice fail to complete the
closure of the neural tube and die at E10.5 (Hildebrand and Sor-
iano, 2002; Van Hateren et al., 2006). Accordingly, we found
that Sirt1 genetically interacts with miR-132 and Ctbp2 in Notch
regulation and maintenance of the Gfap+/Olig2+ balance. SIRT1
has been shown to dampen Notch signaling by deacetylatingholino-injected groups at 34 and 56 hpf. All samples were analyzed at 60 hpf.
d actin (for ctbp2); and in (C), (D), (E), and (I), values were normalized to the U6
ared to the control group. All values are presented as mean ± SEM. *p < 0.05;
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dation (Guarani et al., 2011), and also by repressing Notch target
gene transcription via heterochromatin formation together with
the histone demethylase LSD1 (Mulligan et al., 2011).
While our data provide a good mechanistic explanation for the
strong downregulation of Ctbp2 after 48 hpf and for the physio-
logical relevance of miR-132 in this process, the question of
which molecular factors drive the significant posttranscriptional
upregulation of Ctbp2 from 24 to 48 hpf remains unanswered,
but posttranslational regulation and proteasomal degradation
(Liang et al., 2011; Wei et al., 2011) are factors to be considered.
Another aspect that deserves further study is the role of miR-
132 loss of function beyond the maintenance of Gfap+ glia as
multipotent progenitors and the restriction of oligodendrocyte
precursors studied here. Previous research has shown that
radial glial maturation, as assessed by the Gfap+/Olig2+ ratio
(Kim et al., 2008b), radial glial arborization, process elongation,
and myelin gene expression (including Mbp), evolves in syn-
chrony with the progression of their cell cycle or differentiation
(Kim et al., 2008a; Kosodo and Huttner, 2009). It is, therefore,
not unreasonable to suggest that aspects of the different miR-
132 loss-of-function phenotypes that we report here may be
causally related to the deficits associated with radial glial
maturation, but further work is certainly required in order to eval-
uate to what extent this claim holds true for all aspects of the
phenotypes.
In conclusion, our work identifies a regulatory pathway
involving miR-132 and the miR-132 target Ctbp2, as well as
Rest and Sirt1, which explains the dynamics of Notch signaling
to set the timing of early radial glial differentiation andmaturation
in the developing spinal cord. miR-132 downregulation has also
been associated with several CNS disorders, including Alz-
heimer’s disease (AD), multiple sclerosis (MS), and ischemic
stroke, paralleling increased CTBP2 and Notch levels (Desai
et al., 2009; John et al., 2002; Lau et al., 2013; Lescher et al.,
2012; Lusardi et al., 2010; Nagarsheth et al., 2006; Tseveleki
et al., 2010; Wang et al., 2009). These disorders are character-
ized by compromised neuronal regeneration, impaired myelina-
tion, and neurodegeneration; and it is interesting that activation
of SIRT1 has been proposed as a therapeutic approach in AD,
MS, Parkinson’s disease, and stroke (Bonda et al., 2011; Don-
mez, 2012; Nimmagadda et al., 2013). Thus, while the regulation
of Notch signaling by miR-132 is clearly essential in early spinal
cord development, existing evidence in the literature suggests
that this pathway may also turn out to be part of a general
response to neurodegenerative alterations in the CNS, providing
an example of how understanding developmentally relevant
pathways might also be helpful to delineate mechanisms of dis-
ease in the adulthood.
EXPERIMENTAL PROCEDURES
Ethical Approval
All animal protocols were approved by the Ethical Committee of the University
of Leuven (KU Leuven, Leuven, Belgium).
Glial Arborization Phenotypic Scoring
Gfap+ glial processes within the region between somites 10 and 15 (S10–S15)
were monitored for any deviation from the wild-type arborization structure, as
this region was the most representative one concerning aberrant glial branch-434 Developmental Cell 30, 423–436, August 25, 2014 ª2014 Elsevieing. Larvae would be scored as having glial arborization defects if one or more
defective processes were observed.
DAPT Treatment
For Notch inhibition, 24-hpf-old embryos were incubated in medium contain-
ing DAPT (Merck Millipore International; 5 mg/ml if not otherwise specified) or
vehicle control (DMSO, 0.05% if not otherwise stated) at 28.5C until the stage
of analysis.
In Silico Predictions
miR-132 candidate targets were first predicted using miRNA Viewer (release
April 2005, zebrafish genome-adapted miRanda [John et al., 2004]) and
Targetspy (Release 1.0 October 2009 [Sturm et al., 2010]) and then the
30 UTRs of the orthologous genes in zebrafish, mouse, or human were ob-
tained from the National Center for Biotechnology Information and searched
for putative miR-132 MREs (Bartel, 2009). Relevance to Notch signaling
pathway was assessed through literature mining.
Photomorpholino and Light Exposure
The sense photo-morpholino (50- TCATGGCTTTGPTTGACAAACAC -30) was
purchased from Gene Tools LLC. Prior to use, the stock solution was heated
for 30 min at 65C. For duplexation, the photo-morpholino was mixed with
the antisense CTBP2 ATG morpholino at a 1.1:1.0 ratio, vortexed, incubated
for 10 min at room temperature, and diluted in water to a final concentration
of 0.8 mM. For UV exposure, a HBO light source was used. In short, the HBO
lamp housing of an Axioplan2 fluorescence microscope was outfitted with an
Ushio 103/2 gas discharge lamp. For selecting UV light, a bandpass filter
(325–375 nm)was used. At the indicated time point, fishwere placed in the par-
allel part of the light path using an empty position at a distance of 7 cm from the
objective revolver and irradiated for 8 min. Samples were analyzed at 60 hpf.
FACS
For the FACS sorting experiments, approximately 300–500 larvae were trypsi-
nized in 0.25% Trypsin for 60 min at 28C; diluted in 10 ml PBS; filtered over a
40 mmnylonmesh; centrifuged for 7min at 1,300 rpm; and resuspended in 1ml
PBS supplemented with 1% BSA. The sorting was performed using FACS
ARIA III (BD Biosciences). We collected 100,000 GFP+ cells per sample in
1 ml Trizol.
Touch Escape Response
Touch escape responsewas assessed in newly hatched larvae at 52 hpf. Larvae
were kept in separate gridded Petri dishes (1 cm spaced cross-grid lines).
Escape response was elicited by tactile stimulation on the trunk with a hand-
held poker. Responsiveness was measured as the swimming distance away
from the stimulus. Behavior was scored as impaired when the distance was
less than or equal to the half of the average distance swam by the control fish.
Image Acquisition
Bright-field images were acquired using a Leica DM2500 M light microscope.
Confocal images were acquired using a Nikon A1R Eclipse Ti confocal
microscope.
Statistical Analyses
When two nominal variables were analyzed, the chi-square test of indepen-
dence was used (e.g., individuals with defects/individuals with no defects,
red fluorescent cells/green fluorescent cells, and normal/impaired escape
response). In the case of analyzing two measurable variables, the Student’s
t test was used (e.g., luciferase assays, overexpression/knockdown semi-
quantitative PCR analysis). For comparisons between means of multiple
measurable variables, the one-way ANOVA for multiple testing with Tukey’s
multiple comparison post hoc test was used (e.g., myelinated fiber length
ratios, endogenous expression analyses, cell numbers, lumen and canal diam-
eter); and when two interfering factors were considered in the analysis, the
two-way ANOVA with Bonferroni’s post hoc correction was used (DAPT
dose-response in miR-132 morphants, Gfap+/Olig2+ cell numbers in DAPT-
treated miR-132 morphants and controls). All data are representative of at
least three independent experiments.r Inc.
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